








Additive	 manufacturing	 technology	 promises	 to	 revolutionize	 the	 way	 products	 are	
manufactured	and	supplied	to	the	customer.	Existing	design	methods	however	do	not	take	
full	 advantage	of	 the	additive	manufacturing	processes	 capabilities.	 This	paper	presents	 a	












Conventional	 manufacturing	 processes,	 such	 as	 machining,	 pose	 limitations	 on	 the	
component	 geometries	 that	 can	 be	 produced.	 These	 limitations	 often	 result	 in	 structures	
that	 are	 inefficient,	 as	many	 areas	 of	 a	 component	 have	 excess	material	 that	 cannot	 be	
removed	 physically	 or	 in	 a	 cost	 effective	 way	 through	 conventional	 methods.	 Additive	




CAD	model	 without	 the	 need	 for	 process	 planning	 in	 advance	 of	manufacturing.	 Various	







the	 materials,	 the	 available	 CAD	 software,	 the	 data	 management,	 the	 sustainability,	 the	
affordability,	 the	 process	 speed,	 the	 process	 reliability,	 the	 intellectual	 property,	 and	 the	
standards	to	name	few	[3].	The	design	for	AM	has	been	also	identified	as	a	key	challenge,	
highlighting	that	for	exploiting	the	capabilities	that	AM	processes	offer,	the	designers	have	
to	 adapt	 their	 approach	 to	 the	 AM	 technology,	 not	 replicating	 the	 existing	methods	 and	
philosophies	established	for	conventional	processes.	




aluminium,	 steel	 alloys,	 precious	 metals,	 plastics	 used	 in	 a	 powder	 form	 and	 paper;	 but	
wood,	wax,	paper,	clay,	concrete,	sugar	and	chocolate	are	possible	to	be	used	as	filament.	
Selective	 laser	 sintering	 (SLS),	 electron	 beam	melting	 (EBM),	 laser	 powder	 forming	 (LPF),	




even	 further.	 BJ’s	 ability	 to	 produce	 complex	 sand	 casting	 moulds	 has	 the	 potential	 of	
design	optimisation,	where	 less	material	would	be	used	 in	 the	mould.	Ultrasonic	 additive	
manufacturing	 (UAM)	 and	 laminated	 object	 manufacturing	 (LOM)	 are	 suitable	 for	 metal	









The	 3D	 model	 of	 a	 product	 is	 traditionally	 generated	 via	 computer-aided	 design	 (CAD).	
Material	is	added	layer	by	layer,	derived	as	thin	cross-section	from	the	3D	model.	The	layer	
thickness	determines	the	resolution	of	the	manufactured	product.		
Components	 optimised	 to	 exploit	 the	 benefits	 provided	 by	 additive	 manufacturing	









as	 the	 ones	 in	 which	 physical	 objects	 are	 made	 through	 layer	 by	 layer	 selective	 fusion,	
polymerisation	or	sintering	of	materials,	depending	on	the	underline	principle	of	the	process	
[4].	After	the	design	has	been	finalized,	the	designer	has	to	follow	a	number	of	steps	(such	
as	 slicing,	 support	 generation	 etc.)	 that	 are	 required	 for	 the	 additive	manufacturing	 of	 a	
part;	these	steps	may	vary	with	the	technology	used.		
Since	additive	methods	remove	most	of	the	limitations	of	conventional	manufacturing,	any	
complex	 design	 can	 be	 directly	 transformed	 into	 the	 final	 product.	 Conventional	
manufacturing	 design	 constraints,	 such	 as	 avoidance	 of	 sharp	 corners,	 minimising	 weld	
lines,	 draft	 angles	 and	 constant	 wall	 thickness	 are	 obsolete	 in	 that	 case.	 This	 allows	
designers	to	closely	adhere	to	the	initial	concept	design	and	specification.	
Design	 methodologies	 that	 have	 been	 developed	 for	 manufacturing	 are	 attempting	 to	
constrain	 designer’s	 imagination	 based	 on	 the	 manufacturing	 processes	 capabilities.	 For	
example	 limitations	 due	 to	 the	 use	 of	 tooling	 are	 not	 relevant	 to	 additive	manufacturing	
processes.	 For	 the	 conventional	 processes,	 a	 number	of	 design	methodologies	 have	been	
presented	 such	 as	 design	 for	 manufacturing	 and	 design	 for	 assembly	 with	 a	 number	 of	
variations	for	specific	processes	and	industrial	sectors.	
However,	with	regards	to	the	design	frameworks	for	using	AM	processes,	few	studies	have	
been	 published.	 Indicatively	 Rodrigue	 and	 Rivette	 [5]	 developed	 a	 design	 methodology	
based	 on	 design	 for	 assembly	 notion,	 borrowing	 ideas	 from	 TRIZ	 analysis,	 for	 the	
optimization	of	the	alternative	designs.	Vayre	et	al.	[6]	presented	a	methodology	composed	
of	 four	 steps.	 Podshivalov	 et	 al.	 [7]	 focused	 on	 the	 design	 for	 additive	manufacturing	 in	
medical	 applications.	Ponche	et	al.	 [8]	 took	 into	 consideration	 the	part	orientation	during	




can	 be	 integrated	 in	 a	 design	 framework.	 Salonitis	 and	 Saeed	 [10]	 presented	 a	 decision	
support	method	for	the	redesign	of	existing	products	using	additive	manufacturing.	
A	 common	 characteristic	 of	 all	 the	 studies	 reviewed	 is	 that	 the	 additive	 manufacturing	
capabilities	 are	 not	 considered	 early	 enough	 on	 the	 design	 phase.	 Among	 the	 different	




for	 the	 development	 of	 new	 products	 none	 though	 on	 the	 design	 for	 AM.	 Recently	 a	
thorough	 literature	 review	was	presented	 indicating	 that	most	of	 the	 relevant	 studies	are	
application	based	using	mostly	the	independence	axiom	[13].	
The	 objective	 of	 the	 present	 paper	 is	 to	 investigate	 the	 idea	 of	 using	 axiomatic	 design	
method	 for	 the	 conceptual	 design	 of	 a	 component	 to	 be	 manufactured	 using	 additive	
manufacturing.			
3.		Proposed	framework	
Axiomatic	design	 is	based	on	mapping	 the	customer	needs	on	 functions	 that	 the	object	 is	
expected	 to	 perform	 (defined	 as	 functional	 requirements	 -	 FRs),	 then	 derive	 design	
parameters	 (DPs)	 indicating	 how	 the	 object	 can	 satisfy	 such	 FRs	 and	 finally	 describe	 the	
process	 variables	 (PVs)	 for	 the	 manufacturing	 of	 the	 object.	 This	 process	 is	 usually	
implemented	through	zigzag	decomposition	having	in	mind	two	fundamental	design	axioms,	
the	 independence	 axiom	 (each	 functional	 requirement	 should	 be	 independent)	 and	 the	
information	axiom	(select	the	design	alternative	with	the	minimum	information	content).		
The	method	is	ideal	for	developing	new	product	designs	and	assessing	the	designs	early	in	
the	 process.	 However,	 the	 manufacturing	 process	 constraints	 and	 capabilities	 are	 not	








consider	 the	manufacturability	 of	 a	 product.	 For	 example	 the	 third	 corollary	 suggests	 the	
integration	of	physical	parts,	with	additive	manufacturing	providing	large	capabilities	in	such	
design	 approach.	 Suh	 discussed	 in	 detail	 how	 axiomatic	 design	 can	 be	 used	 for	 assisting	
manufacturing	[14].	
The	 proposed	 approach	 for	 taking	 into	 consideration	 the	 manufacturing	 capabilities	 and	
limitations	 is	 depicted	 in	 Figure	 2.	 	 The	 core	of	 the	proposed	 framework	 is	 the	 axiomatic	
design	 decomposition	 of	 the	 design	 space	 into	 domains	 (shown	 as	 ellipses	 in	 Figure	 2),	
however	 in	 order	 for	 the	manufacturability	 of	 the	 design	 to	 be	 improved	 from	 the	 early	






Therefore,	 in	 order	 for	 the	manufacturing	 capabilities	 to	 be	 taken	 into	 consideration,	 the	
zigzag	decomposition	should	not	take	place	only	between	two	adjacent	domains	(Figure	3),	
but	 through	 the	 three	main	 domains	 (functional,	 physical	 and	 process)	 as	 can	 be	 seen	 in	
Figure	4.	Such	wider	decomposition	can	be	assisted	by	guidelines	for	manufacturing	that	can	



































Improving	 the	manufacturability	 of	 the	 design	 from	 such	 an	 early	 stage	 allows	 the	 direct	




a	 component	 takes	 place	 after	 the	 design	 phase	 has	 been	 almost	 finalized.	 In	 order	










































35	 rapid	 manufacturing	 bureaus	 with	 expertise	 in	 both	 metallic	 and	 plastic	 additive	
manufacturing	 technology	were	 contacted	within	 the	UK,	with	 22	 responds	 received	 in	 a	












selection	 and	 decisions.	 Indicatively,	 enclosed	 hollow	 volumes	 might	 be	 desirable	 for	
reducing	the	weight	of	a	component,	but	in	general	they	will	be	filled	with	support	material	
that	is	difficult	to	remove	after	the	finishing	process.	Such	problems	can	be	addressed	in	the	





to	 replace	 conventional	 manufacturing	 processes,	 but	 should	 be	 considered	 when	 the	
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and	 secure	 the	 bracket	 using	 three	 screws.	 The	 bracket	 needs	 to	 operate	 using	 existing	












the	 functional	 requirement	 is	 considered	 to	 be	 surface	 topology	 optimization	 and	 can	 be	
denoted	 as	 DP0.	 The	 design	 that	 will	 result	 from	 such	 a	 design	 parameter	 can	 be	
manufactured	 using	 additive	manufacturing	 and	 thus	 this	 is	 considered	 to	 be	 the	 highest	
level	 process	 variable	 (PV0).	 Few	more	decompositions	will	 lead	 to	 the	DPs	 and	PVs	with	






first	level	decomposition	FRs	 FR0:	Light	weight	bracket	FR1:	Support	loads		FR2:	Easy	to	clean	DPs	 DP0:	Surface	topology	optimization	DP1:	Material	strength	DP2:	Surface	roughness	PVs	 PV0:	Additive	manufacturing	process	PV1:	Process	parameters		PV2:	Part	orientation	during	building	
	
DP0	has	been	identified	as	surface	topology	optimization.		Since	the	functional	requirement	
is	 a	 lightweight	 bracket,	 the	 structure	 of	 the	 bracket	 needs	 to	 be	 optimized.	 Topology	
optimisation	is	a	systematic	method,	based	on	finite	element	analysis,	to	produce	a	strong	
part	 with	 minimum	 use	 of	 material,	 exhibiting	 an	 organic	 looking	 structure.	 Stress	
distribution	and	deformations	are	calculated	trough	finite	element	simulation	of	the	existing	
model,	in	order	to	decide	where	material	is	redundant.	The	initial	geometry	finite	element	
analysis	 and	 the	 resulted	 organic	 shape	 of	 the	 bracket	 are	 shown	 in	 Figure	 6.	 The	 only	










operating	 loads	 (FR1)	and	 the	 requirement	 for	 the	 component	 to	be	easily	 cleaned	 (FR2).	




the	 component	 (PV2)	 during	 “building”	 will	 affect	 the	 surface	 quality.	 The	 functional	
requirements,	 the	 design	 parameters	 and	 the	 process	 parameters	 can	 be	 further	
decomposed;	 indicatively	 DP1	 could	 be	 decomposed	 into	 DP1.1	 “static	 loads”	 and	 DP1.2	
“dynamic	loads”.	However,	usually	the	decomposition	is	terminated,	when	a	level	is	reached	
where	the	FRs	can	be	fully	satisfied	by	the	selected	set	of	DPs,	and	subsequently	such	DPs	



























Suh	 [11],	 [12]	 has	 presented	 the	mathematical	 background	 of	 the	 axiomatic	 design.	 The	
mapping	of	the	functional	requirements	to	the	design	parameters	(through	the	hierarchical	
decomposition	and	the	zigzagging)	is	described	by	the	following	equation:	!"# = % &'# 	 	 	 	 (1)	
where	 {FRs}	 and	 {DPs}	 are	 the	 functional	 requirements	 and	 design	 parameters	 vectors	
respectively	and	 [A]	 is	 the	design	matrix.	 Similarly	 the	mapping	between	 the	physical	and	
the	process	domains	is	denoted	by:	
	 &'# = ( ')# 	 	 	 	 (2)	
where	{PVs}	 is	 the	process	variables	vector	and	[B]	the	matrix	 linking	the	physical	and	the	
process	domain.	Following	the	wider	decomposition	proposed	 in	Figure	4,	eqs.	 (1)	and	(2)	
can	be	combined	into	the	following	equation:	!"# = * ')# 	 	 	 	 (3)	
where	[C]	=	[A]	⨯[B]	is	the	matrix	linking	the	requirements	to	the	process	variables.	
The	 independence	axiom	 is	assessed	by	 the	 shape	and	 the	content	of	 the	matrix.	 	As	per	
Suh’s	 notation,	 when	 the	 matrix	 is	 diagonal	 then	 the	 design	 is	 considered	 to	 be	
“uncoupled”,	 when	 triangular	 then	 it	 is	 classified	 as	 “decoupled”,	 otherwise	 it	 is	
characterized	as	“coupled”.	An	uncoupled	design	is	the	ideal	whereas	the	decoupled	design	
is	 also	 acceptable	 when	 the	 DPs	 (and	 subsequently	 the	 PVs)	 are	 selected	 in	 the	 correct	
order.	 	Therefore,	 in	 the	present	approach	all	 three	matrices	 ([A],	 [B]	and	 [C])	need	 to	be	
checked,	and	the	various	vectors	must	be	optimized	in	order	to	achieve	at	least	decoupled	
solutions.	 For	 the	 proposed	 solution	 the	 three	 matrices	 are	 presented	 in	 the	 following	
equations,	with	X	 indicating	strong	 influence	whereas	0	 indicates	weak	 influence	between	
the	FR	and	DP:	!"1!"2 = . 00 . &'1&'2 	 	 	 	 (4)	&'1&'2 = . 0. . ')1')2 	 	 	 	 (5)	
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The	 comparison	 of	 the	 different	 acceptable	 solutions	 that	 conform	 to	 the	 independence	
axiom	is	performed	based	on	the	information	axiom.		The	information	axiom	was	defined	by	
Suh	 [12]	 with	 regards	 the	 information	 content	 needed	 for	 satisfying	 a	 given	 functional	
requirement.	For	each	functional	requirement	the	information	content	can	be	calculated	as:	
01 = log5 678 	 	 	 	 	 (7)	
where	pi	 is	 the	 probability	 for	 achieving	 the	 functional	 requirement	 FRi.	 In	 literature,	 the	










used	with	 the	 same	 technology	 (thus	 the	 influencing	 process	 variables	 do	 not	 affect	 this	
functional	requirement).		Thus	only	the	“ease	to	of	cleaning”	will	be	considered	here.	High	








resulting	 surface	 roughness	 for	 the	 case	 of	 stereolithography.	 The	 average	 surface	
roughness	of	SLA-produced	parts	was	estimated	as	a	function	of	the	layer	thickness	and	the	
angle	 of	 the	 inclined	 surface	 [18],	 [19].	 	Modelling	 was	 based	 on	 simplistic	 trigonometry	
assumptions,	 while	 the	 surface	 roughness	 (Ra)	 could	 be	 calculated	 according	 to	 the	
following	equation:	
	
Where	Dp	 is	the	depth	of	penetration,	PL	 is	the	nominal	 laser	power,	W0	 is	the	laser	beam	









































via a genetic algorithm model in order to determine the opti-
mal process parameters (which include layer thickness, hatch
spacing and hatch overcure) that would yield the minimum
part build error. Chryssolouris et al. [25] h s estimated the
average surface roughness of SLA-produced parts as a func-
tion of the layer thickness and the angle of the inclined surface
(Fig. 10). Modelling was based on simpli tic trigonometry
assumptions, while the surface roughness could be calculated
















Dp depth of penetration
PL laser power
W0 laser beam spot diameter
VS laser scanning speed
EC critical exposure time
OC overcure
Reeves and Cobb in [26] and [49] presented an analytical
model for SLA surface roughness that took into consideration
the layer profile as well whether the plane was up-facing or
down-facing, which was verified with experimental data.
Podshivalovab et al. [35] has used a 3D model to verify the
dimensional accuracy of scaffold-like structures used in bone
replacement via CAD and FEA. Part dimensional stability has
been experimentally studied by a number of researchers.
Rahmati [43] studied dimensional stability in SLA as a result
of resin shrinkage; Wang et al. [44] studied the effect of the
post-curing duration, the laser power and the layer pitch on the
post-cure shrinkage and empirical relations were established
on the basis of the least squares method. The shrinkage strains
were investigated by Karalekas and Aggelopoulos [45] based
on a simple experimental setup and the elastic lamination the-
ory. Narakahara et al. [46, 90] studied the relationship between
the initial linear shrinkage and resin temperature in a minute
volume built by SLA. Flach et al. [27] integrated an analytical
resin shrinkage model into the general SLA process model
developed in [28], to have a theoretic prediction of the dimen-
sional stability due to resin shrinkage, concluding that faster
shrinking resins should result in lower overall shrinkage
values. It has been found that the overall linear shrinkage,
due to cure f a line f plastic, was estimated to have been




f r Yð Þdy ð2Þ
where:
fr(y) residual fractional linear shrinkage at position y
FC overall fractional lin ar shrinkage due to cure
L length of strand of plastic (cm)
t time (sec)
ts time for laser to scan from position y to L (sec)
Chryssolouris [25], Jelley [29] and Jacobs [30] investigated
the polymerization process that occurs during SLA
manufacturing, based on the modelling of the laser source,
the modelling of the photo-initiated free radical polymeriza-
tion and the modelling of the heat transfer involved in the
process. A few have dealt with modelling the build time in
the SLA process. Chen [31], Giannatsis [91] and Kechagias
[32] have calculated the process time analytically. Kechagias
[32] has presented a method where the total distance travelled
by the laser beam is directly calculated from the part geometry
(STL file). The time required for each layer to be produced is
then calculated analytically on the basis of the laser velocity,
keeping in mind whether the laser is performing border draw-
ing, hatching or filling. Furthermore, the time required for all
the auxiliary steps is estimated. Contouring and hatching ve-
locities were calculated by:
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W0 laser beam half width
Cd curing depth
hs hatching space (distance between neighbour scanning
vectors)
m number of times the slice area is hatched
Ec critical energy
Dp penetration depthFig. 10 Trigonometry used by Chryssolouris [25]

















Design	 for	 additive	 manufacturing	 is	 limited	 by	 the	 use	 of	 methods	 and	 approaches	
developed	 for	 conventional	 manufacturing.	 	 In	 the	 present	 work,	 the	 axiomatic	 design	
theory	was	adapted	and	zigzagging	decomposition	was	expanded	to	take	into	consideration	
the	 manufacturing	 limitations	 and	 capabilities	 from	 the	 early	 phases	 of	 design.	 For	 this	
reason	 manufacturing	 guidelines	 and	 constraints	 were	 captured	 from	 additive	
manufacturing	 practitioners.	 The	 method	 was	 validated	 for	 the	 case	 of	 additive	
manufacturing	of	a	component.		The	axiomatic	design	was	combined	with	surface	topology	
optimization	for	the	high	 level	decomposition	and	was	presented	 in	the	present	paper	 for	
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